Inflammatory cell activation drives diverse cellular programming during hepatic diseases. Hypoxia-inducible factors (HIFs) have recently been identified as important regulators of immunity and inflammation. In nonalcoholic steatohepatitis (NASH), HIF-1α is upregulated in hepatocytes, where it induces steatosis; however, the role of HIF-1α in macrophages under metabolic stress has not been explored. In this study, we found increased HIF-1α levels in hepatic macrophages in methionine-choline-deficient (MCD) diet-fed mice and in macrophages of patients with NASH compared with controls. The HIF-1α increase was concomitant with elevated levels of autophagy markers BNIP3, Beclin-1, LC3-II, and p62 in both mouse and human macrophages. N onalcoholic fatty liver disease (NAFLD) is one of the most common chronic liver diseases worldwide, with increasing incidence in many developing countries.
N onalcoholic fatty liver disease (NAFLD) is one of the most common chronic liver diseases worldwide, with increasing incidence in many developing countries. (1) In patients with metabolic syndrome, NAFLD evolves from steatosis to nonalcoholic steatohepatitis (NASH) and ultimately to cirrhosis. (2) The clinical comorbidities of NAFLD/ NASH include obesity, insulin resistance, and obstructive sleep apnea leading to periodic hypoxia. (3) 546 liver triglyceride accumulation, necroinflammation, and fibrosis during NAFLD. (4) (5) (6) These effects are mediated by the activation of hypoxia-inducible factors (HIFs) and their target genes that modify hepatocyte lipid metabolism. (6, 7) During hypoxia, HIFs regulate the transcription of hundreds of genes involved in a variety of cellular processes, including energy metabolism, cell survival, tumor invasion, angiogenesis, and inflammation. (5, 8) The best described HIF, HIF-1, is a heterodimeric complex composed of an α-and β-subunit. The α-subunit expression depends on oxygen levels, whereas the β-subunit is constitutively expressed. (9) In addition to hypoxia, HIF-1α is activated by noncanonical pathways such as oxidative stress, growth factors, lipopolysaccharide (LPS), insulin, and TNF-α. (10, 11) Liver HIF expression is increased in alcoholic fatty liver disease (ALD) and NAFLD. (6, 7, 12) Although studies reported HIF-1α upregulation in ALD, the role of hepatocyte-specific HIF-1α in the progression of ALD remains controversial. (6, 13) In a mouse model of NASH, induced by a methionine-choline-deficient (MCD) diet, the activation of HIF-1α in the liver and hepatocytes plays a role in the pathogenesis. (14) In NASH, free fatty acids (FFAs) are important mediators of lipotoxicity, leading to cell injury and inducing hepatocyte damage via different pathways including endoplasmic reticulum stress. This process is counterbalanced by the upregulation of autophagic pathways that maintain cellular survival and homeostasis. (15, 16) Impaired autophagy is a key element of hepatocyte damage in NASH. (17) Cellular stressors such as hypoxia and HIF activation can also interact with autophagy in hepatocytes. (5) In vitro data demonstrate that HIF-1α protects against fatty acid-induced toxicity in hepatocytes. (16) However, the role of these pathways is undefined in macrophages in NASH.
Accumulation of macrophages and overproduction of proinflammatory cytokines contribute to NASH pathogenesis. (18) In addition, hypoxia potentiates the proinflammatory activation of primary human macrophages induced by palmitate. (19) Here, we explored the role of HIF-1α in macrophages in a mouse model of NASH and in circulating monocytes from patients with NASH. Our results show that HIF-1α is activated in macrophages in NASH and correlates with impaired autophagic flux. We demonstrate that saturated fatty acid treatment of macrophages impairs autophagy via HIF-1α activation. We also describe an effect of macrophage-specific HIF-1α in NFκB activation that contributes to NASH development.
Materials and Methods

aNIMal StUDIeS
The University of Massachusetts Medical School (UMMS) Institutional Animal Care and Use Committee approved the animal studies. Wild-type (C57BL/6J) and LysM Cre mice were purchased from Jackson Laboratories (Bar Harbor, ME). Stabilization of HIF-1α in vivo was achieved through a Cre-lox approach as described by Nath et al. (6) and Ambade et al. (20) with HIF1 dPA mice, a gift from Dr. William Kim (University of North Carolina, Chapel Hill, NC). Male and female mice (8-10 weeks old) were fed an MCD diet for 5 or 8 weeks (Dyets Inc., PA), depending on the experiment. Control mice received the MCS diet (MCD diet supplemented with DL-methionine and choline bitartrate; Dyets, Inc., PA). Male 8-12-week-old wild-type mice were fed a high-fat high-cholesterol high-sugar (HF-HC-HS) diet (Research Diets, New Brunswick, NJ) with 42
g/L of carbohydrates (55% fructose and 45% sucrose) in drinking water for 24 weeks while control animals received chow diet.
patIeNt SaMpleS
Paraffin-embedded blocks of human livers were obtained from the National Institutes of Health Liver Tissue Cell Distribution System (Minneapolis, MN; Pittsburgh, PA; Richmond, VA). Liver samples were from 10 patients with a clinical diagnosis of NASH and 4 healthy controls. Human peripheral blood was collected, with informed consent, from 10 healthy donors and 12 patients with NASH with approval from the UMMS Institutional Review Board for Protection of Human Subjects in Research. The criteria used to define the patients with NASH were based on alanine aminotransferase (ALT) levels (>49 U/L) and, in some cases, biopsy.
HIStopatHologICal aNalySIS
Liver sections were stained with hematoxylin/ eosin. Frozen sections were prepared from liver tissue frozen in optimal cutting temperature media and stained with Oil-Red-O. Immunohistochemistry staining for F4/80 (MA1-91124; Thermo Fisher Scientific) was performed on formalin-fixed, paraffinembedded livers. The total number of F4/80-positive cells from five high-powered fields was counted per liver section. At least three liver sections were included in each group.
Cell tReatMeNtS
Macrophage isolation (bone marrow-derived, human, hepatic, and THP-1) is described in the Supporting Materials and Methods. Cells were stimulated in vitro with palmitic acid (PA; 250 µM, Sigma-Aldrich) coupled with bovine serum albumin (BSA; Sigma-Aldrich) for different time periods. BSA was used as a vehicle control for PA. In selected studies, cells were treated with either the autophagy inducer, rapamycin (100 nM, Sigma-Aldrich), or the autophagy inhibitor, 3-MA (5 mM, SigmaAldrich), for 30 minutes prior to PA treatment, or treated with the autophagy inhibitor bafilomycin (100 nM, Sigma-Aldrich) for the last 2 hours of the PA treatment.
FlUoReSCeNCe aND CoNFoCal MICRoSCopy
THP-1 cells were seeded in 6-well plates with microscope coverslips. After the indicated treatments, cells were fixed with 10% paraformaldehyde and permeabilized in PBS containing 0.5% Triton X-100 (Sigma-Aldrich). The cells were incubated at 4°C overnight with rabbit anti-LC3 (#12741; Cell Signaling Technology). The secondary antibody was Alexa Fluor 594 goat anti-rabbit IgG antibody (A-11012; Thermo Fisher Scientific). Images were acquired using fluorescence microscopy. The percentage of autophagic cells with LC3 puncta (>10) was determined by counting ≥100 cells from three independent experiments. The size and number of LC3 puncta/cell were calculated using the ImageJ program.
RNa aNalySIS
Total RNA was extracted using the RNeasy Mini kit (Qiagen, MD) and reverse transcribed into complementary DNA using iScript Reverse Transcription Supermix (Bio-Rad, CA). Real-time quantitative polymerase chain reaction (qPCR) was performed with the iCycler (Bio-Rad, CA) using SYBR Green (Bio-Rad, CA). The human and mouse primer sequences are described in the Supporting Materials and Methods.
IMMUNoBlot aNalySIS
Whole cell or nuclear lysates were isolated from mouse liver tissue or human THP-1 macrophages. Protein samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred onto a nitrocellulose membrane, and probed with indicated primary antibodies followed by the appropriate secondary horseradish peroxidase-conjugated IgG antibody (Santa Cruz, CA). The following antibodies were used: HIF-1α (#ab179483; Abcam), Beclin-1 (#3738; Cell Signaling Technology), BNIP3 (#ab109362; Abcam), LC3 (#12741; Cell Signaling Technology), p62 (#8025; Cell Signaling Technology), p-NF-κB p65 (#3031; Cell Signaling Technology), and p65 (#8242; Cell Signaling Technology). Protein bands were visualized using the Fujifilm LAS-4000 luminescent image analyzer.
eleCtRopHoRetIC MoBIlIty SHIFt aSSay
Electrophoretic mobility shift assay was performed on equal amounts (5-10 µg) of nuclear protein extracts from THP-1 macrophages using 50,000 cpm of γ-32 P-labeled HIF-1α consensus oligonucleotide as we previously described (Santa Cruz, CA). (14) All reactions were run on a 4% polyacrylamide gel. The dried gel was exposed to an x-ray film, the signal was intensified at −80°C, and densitometry was performed using ImageJ software.
Cell tRaNSFeCtIoN FoR geNe SIleNCINg aND oVeReXpReSSIoN
For small interfering RNA (siRNA) experiments, THP-1 macrophages were transfected with HIF-1α siRNA (Santa Cruz, CA), ATG5 siRNA (Thermo Fisher Scientific, MA), or scrambled siRNA as a control for 24 hours. Silencing was achieved using Lipofectamine RNAiMAX Transfection Reagent (Thermo Fisher Scientific, MA) according to the manufacturer's protocol. For overexpression studies of HIF-1α, THP-1 macrophages were transfected with 6 µg of either the HIF-1α P402/P564A-pcDNA3 (21) or control vector for 24 hours. HA-HIF-1α P402/P564A-pcDNA3 was a gift from Dr. William Kaelin (Addgene plasmid #18955). Overexpression was achieved using Lipofectamine 2000 Transfection Reagent (Thermo Fisher Scientific, MA). Transfection efficiency of HIF-1α was evaluated by qPCR on mRNA. elISa TNF-α, IL-1β, and IL-6 concentrations in culture supernatants were measured by enzyme-linked immunosorbent assay (ELISA) according to the manufacturer's instructions (BD PharMingen, CA).
StatIStICal aNalySIS
Statistical significance was determined using a twotailed Student t test or one-way analysis of variance test. Data are presented as the mean ± SEM, and P < 0.05 was considered statistically significant. All statistical analysis was performed using GraphPad Prism 5 software.
Results
HepatIC MaCRopHageS HaVe INCReaSeD HIF-1α eXpReSSIoN aND IMpaIReD aUtopHagIC FlUX IN NaSH
To evaluate the role of HIF-1α in macrophages in NASH pathogenesis, we used a MCD diet-induced mouse model of NASH. In this model, NASH is induced in MCD diet-fed mice as exhibited by steatosis indicated by Oil-Red-O staining (Fig. 1A) and prominent necroinflammation. Different mechanisms regulate steatosis in hepatocytes, including HIF-1α. (6) Here, we observed significant increases in HIF-1α mRNA levels both in total liver (5-fold) and in isolated liver mononuclear cells (LMNCs; 6-fold) in MCD diet-induced NASH compared with control animals fed the MCS diet (Fig. 1B) . Mice fed an HF-HC-HS diet demonstrated a trend toward increasing HIF-1α in the liver and LMNCs similar to that seen in the MCD diet model (Supporting Fig. S1 ).
Studies support a role for autophagy in the pathogenesis of NASH, and autophagic flux is decreased in both hepatocytes and macrophages in obesity. (22) (23) (24) Because HIF-1α is reported to induce autophagy under various metabolic stresses, (25) we hypothesized that metabolic stress in NASH could be related to dysregulation of HIF-1α and the autophagy axis. In total livers, we detected a significant increase in HIF-1α protein levels and found concomitant increases in the expression of autophagy markers BNIP3, Beclin-1, LC3-II, and p62 in MCD diet-fed mice compared with MCS controls (Fig. 1C) . BNIP3, a transcriptional target of HIF-1α and Beclin-1 are inducers of autophagy, (26) whereas LC3-II and p62 levels are established markers of autophagy induction or impaired autophagic flux, respectively. (27) Consistent with the presence of inflammation in NASH, we found increased macrophage infiltration confirmed by F4/80 staining in livers of MCD dietfed mice compared with MCS controls ( Fig. 2A) . Although increased HIF-1α expression was found in hepatocytes in both NASH and ALD, (6, 14) the role of HIF-1α in macrophages in steatohepatitis has not been elucidated. Thus, we analyzed the protein levels of HIF-1α and autophagy markers in isolated hepatic macrophages. The levels of HIF-1α and the autophagy markers Beclin-1, LC3-II, BNIP3, and p62 were all significantly higher in hepatic macrophages with NASH compared with controls ( Fig. 2B) . These results indicated that macrophage regulation in NASH involves increased HIF-1α expression and decreased autophagic flux.
HepatIC MaCRopHageS aND CIRCUlatINg MoNoCyteS IN patIeNtS WItH NaSH SHoW INCReaSeD HIF-1α eXpReSSIoN aND IMpaIReD aUtopHagIC FlUX
To validate our findings in the NASH mouse model, we tested human samples. In the livers of patients with NASH, we detected significantly increased numbers of F4/80 + macrophages (Fig. 3A ) compared with healthy controls, consistent with our findings in the livers of MCD diet-fed mice. Next, we compared HIF-1α expression and autophagy markers in circulating monocytes from patients with NASH and healthy controls and found elevated protein levels of HIF-1α and LC3-II in patients with NASH, but no difference in BNIP3, Beclin-1, and p62 levels (Fig. 3B) . Thus, our results indicate autophagic flux is impaired in peripheral monocytes of patients with NASH.
StaBIlIZINg HIF-1α IN MyeloID CellS poteNtIateS INFlaMMatIoN aND SteatoSIS INDUCeD By MCD DIet
To explore the role of HIF-1α in macrophages and its correlation with autophagy in NASH pathogenesis (Fig. 4A) . The increased HIF-1α mRNA levels in bone marrow-derived macrophages (BMDMs) and hepatic macrophages (Fig. 4B) but not in hepatocytes confirmed the myeloid cell specificity of the HIF-1α increase. Previous evidence suggests that HIF-1α can either induce or impair autophagy depending on the disease. (28, 29) To explore whether HIF-1α induces autophagy in macrophages, we examined the levels of the autophagy markers BNIP3 (both an HIF-1α target gene and an autophagy inducer), LC3-II, and p62. In BMDMs from Circulating monocytes were isolated from blood samples, and the protein levels of HIF-1α, BNIP3, Beclin-1, LC3-I, LC3-II, and p62 in monocytes were assessed by western blot, quantified using ImageJ analysis, and normalized to beta-actin. Representative blots are shown from 10 healthy donors and 12 patients with diagnosed NASH. *P < 0.05. Abbreviation: Cont., control.
LysM
Cre HIF dPA fl/fl mice, BNIP3 and p62 mRNA levels were increased, as were LC3-II protein levels; however, p62 protein levels were not significantly increased (Fig. 4C) . We also found increased mRNA levels of MCP-1, IL-1β, and IL-10 in liver macrophages from LysM (Fig. 4F) . Altogether, these results suggest that increased macrophage HIF-1α levels contribute to MCD diet-induced NASH through impairment of autophagic flux and increased proinflammatory cytokines.
palMItIC aCID aCtIVateS HIF-1α aND IMpaIRS aUtopHagIC FlUX IN MaCRopHageS
NASH progression is associated with high serum FFA levels. In particular, saturated FFAs such as PA have greater lipotoxicity compared with unsaturated FFAs (30) and induce HIF-1α activation in hepatocytes.
(31)) Thus, we investigated whether PA activates HIF-1α in macrophages. PA treatment of primary hepatic and BMDMs increased HIF-1α mRNA levels followed by up-regulation of HIF-1α target genes, BNIP3 and PAI-1 (Supporting Fig. S2A,B) . HIF-1α protein levels were also increased in BMDMs (Fig. 5A ) and human macrophages (Fig. 5C ) upon PA treatment and correlated with increases in p62 and LC3-II levels.
To determine whether the PA-induced accumulation of LC3-II resulted from autophagosome formation or impairment of autophagosome degradation, we used bafilomycin to inhibit late-stage autophagy by preventing the fusion of autophagosomes and lysosomes. (32) BMDMs and human macrophages were cultured in control medium or under PA stimulation in the presence or absence of bafilomycin. Consistent with the inhibition of autophagosome degradation, bafilomycin treatment alone resulted in LC3-II accumulation in both cell types and the combination of bafilomycin plus PA did not further increase LC3-II levels over that induced by PA alone (Fig. 5B,D) . These results suggested that the LC3-II accumulation induced by PA is due to impaired autophagosome degradation and not increased autophagosome formation. The decrease in autophagic flux in PA-treated cells was confirmed by densitometric analysis of LC3-II expression in the presence or absence of bafilomycin to determine the LC3-II induction by bafilomycin. Briefly, we normalized the band intensities of LC3-II to β-actin and calculated the ratio of normalized LC3-II bands in bafilomycin-treated to untreated human macrophages (Fig. 5B,D) .
We next examined the effects of PA treatment on human THP-1 macrophages. Similar to primary murine macrophages, PA treatment in human THP-1 macrophages induced a rapid increase in HIF-1α mRNA levels, peaking at 3 hours, followed by upregulation of HIF-1α target genes, BNIP3, PAI-1, and Glut-1, 12-24 hours after stimulation (Fig. 6A) . HIF-1α protein levels (Fig. 6B ) and DNA-binding activity (Fig. 6C) were also increased in human THP-1 macrophages upon PA treatment. We found that PA treatment resulted in significant increases in BNIP3, Beclin-1, LC3-II, and p62 levels in macrophages (Fig. 6E,F) . Using fluorescence microscopy, we demonstrated a dramatic increase in the percentage of cells with LC3-II puncta, as a readout of autophagy, after PA stimulation (Fig. 6D) .
Bafilomycin alone resulted in the accumulation of LC3-II and p62 in THP-1 macrophages. PA 
FIg. 5. HIF-1α increases in BMDMs and human macrophages and correlates with decreased autophagic flux. (A)
Bone marrow from wild-type mice was isolated, and BMDMs generated after 7 days in the presence of L929 cell supernatant. Cells were stimulated with 250 µM PA for different time points and HIF-1α, p62, and LC3-II were assessed by western blot. (B) BMDMs were cultivated in control medium or under PA stimulation for 6 or 12 hours with or without bafilomycin (Baf; 100 nM; added at 0 hour or for the last 2 hours for 6-and 12-hour incubations). (C) Human monocytes from healthy volunteers were isolated and differentiated to macrophages and HIF-1α, p62, and LC3-II were assessed in PA-stimulated cells by western blot, quantified using ImageJ analysis, and normalized to β-actin. (D) LC3-II levels of human macrophages were assessed in the presence or absence of bafilomycin (100 nM; added as in B) in PA-stimulated cells. Representative blots are shown from at least three independent experiments. *P < 0.05. Abbreviation: Cont., control. increased LC3-II levels similar to bafilomycin alone, and the combination of bafilomycin plus PA did not further increase LC3-II levels (Fig. 6F) , demonstrating a decrease in autophagic flux represented by decreased LC3-II or p62 induction by bafilomycin in PA-treated cells. These results are consistent with previous findings using primary macrophages and suggest that PA stimulation impairs autophagosome degradation in THP-1 macrophages.
To test if macrophage HIF-1α activation and impaired autophagy in NASH was PA specific, we treated BMDMs with low and high doses of LPS, a well-known pathogen-associated molecular pattern involved in NASH proinflammatory responses. (11, 33) Both doses of LPS increased HIF-1α mRNA levels its target gene, PAI-1, and autophagy components BNIP3 and p62 (Supporting Fig. S2C ). These results demonstrate that, similar to PA, LPS also increases HIF-1α expression and regulates the expression of autophagy components.
HIF-1α RegUlateS aUtopHagy IN pa-StIMUlateD MaCRopHageS
To test whether HIF-1α regulates autophagy in macrophages under PA-induced metabolic stress, we examined macrophages in which HIF-1α was knocked down using siRNA (Fig. 7A,B) or enhanced by plasmid transfection (Fig. 7C,D) . Transfection of the control scrambled siRNA or empty plasmid did not alter the protein levels of HIF-1α, BNIP3, Beclin-1, and LC3-II, whereas PA treatment increased the expression of all of these proteins. Silencing HIF-1 α prevented the PA-induced HIF-1α increase and dramatically downregulated BNIP3, Beclin-1, and LC3-II expression (Fig. 7A) . HIF-1α overexpression significantly increased PA-induced levels of both HIF-1α and autophagy components BNIP3, Beclin-1, and LC3-II (Fig. 7C) . Following PA stimulation, HIF-1α induction peaked at 6-12 hours and BNIP3, Beclin-1, and LC3-II around 6-24 hours (Fig. 7A,C) .
Next, we tested the role of HIF-1α in autophagic flux. In bafilomycin-treated THP-1 macrophages, PA increased LC3-II induction in the HIF-1α knockdown cells, but not in the control cells (Fig. 7B) . HIF-1α overexpression produced the opposite effect (Fig. 7D) ; PA decreased LC3-II induction in bafilomycin-treated macrophages that overexpressed HIF-1α compared with control cells. Together, these results indicate that HIF-1α is involved in decreasing autophagic flux following PA stimulation.
HIF-1α-MeDIateD MaCRopHage aUtopHagy INHIBItS palMItIC aCID-INDUCeD pRoINFlaMMatoRy ReSpoNSeS aND DoWNRegUlateS NF-κB aCtIVatIoN
To investigate the role of HIF-1α in regulating inflammatory responses in macrophages, we evaluated the nuclear factor (NF)-κB pathway, a prototypical proinflammatory signaling pathway. (34) Upon PA treatment, the DNA-binding activity of NF-κB and the levels of proinflammatory cytokines TNF-α, IL-1β, and IL-6 were increased in a time-dependent manner in THP-1 macrophages (Fig. 8A) . These findings demonstrated that PA potently induces proinflammatory responses in macrophages through activation of the NF-κB pathway.
To determine whether HIF-1α regulates NF-κB activation in PA-stimulated macrophages, we evaluated changes in p65 phosphorylation, a readout of NF-κB activation, after HIF-1α silencing. In HIF-1α (B) Nuclear HIF-1α protein expression was measured via western blot and quantified using ImageJ analysis. (C) HIF-1α DNA-binding activity was tested and quantified using the electrophoretic mobility shift assay. (D) The detection of LC3 puncta in THP-1 cells was performed with a rabbit anti-LC3 antibody and immunofluorescence staining. THP-1 cells with more than 10 punctate dots were considered positive cells (right), and the number and size of LC3 puncta/cell were quantified (left). Quantification of LC3-positive THP-1 cells and representative blots were performed in three independent experiments. (E) Protein levels of BNIP3 and Beclin-1 were assessed by western blot, quantified using ImageJ analysis, and normalized to β-actin. (F) Cells were cultivated in control medium or under PA stimulation for 12 hours with or without bafilomycin (Baf; 100 nM) for the last 2 hours. LC3-II and p62 protein levels were measured by western blot and quantified using ImageJ analysis. *P < 0.05. Abbreviation: Cont., control.
knockdown cells, PA-induced p65 phosphorylation was completely abolished (Fig. 8B) , suggesting that HIF-1α regulates not only PA-induced autophagy but also inflammation in macrophages. Similar effects were observed in liver macrophages from LysM Cre HIF dPA fl/fl mice that showed enhanced MCP-1 and IL-1β (Fig. 4C) .
To clarify whether HIF-1α modulation in the macrophage proinflammatory response to PA was associated with autophagy, we applied either an autophagy inducer (rapamycin) or an inhibitor (3-MA) in THP-1 cells with or without PA treatment. Inhibiting autophagy in macrophages with 3-MA alone increased NF-κB activation, and this activation was further increased with 3-MA plus PA treatment (Fig. 8C) . In contrast, NF-κB activation was not modulated by rapamycin, suggesting that inhibition of autophagy can augment NF-κB in normal macrophages. However, when we silenced ATG5, a protein responsible for autophagosome formation, we found a decrease in LC3-II expression and p65 phosphorylation in both untreated cells and cells treated with PA (Fig. 8D) . Because ATG5 silencing and 3-MA treatment both inhibit early stages of autophagy but had opposite effects in our experiments, we tested the effect of inhibiting the late stages of autophagy on NF-κB activation using bafilomycin. Bafilomycin treatment failed to modulate p65 phosphorylation in media or PA-stimulated macrophages (Fig. 8E) , suggesting that impaired autophagy does not affect NF-κB activation in macrophages.
We also measured the levels of TNF-α, IL-1β, and IL-6 in supernatants from cells treated with PA, rapamycin, or 3-MA. We found that the PA-induced increases in TNF-α and IL-6 levels were not modulated significantly by induction or inhibition of autophagy. However, PA-induced IL-1β protein levels were inhibited by rapamycin, but inhibition of autophagy with 3-MA had no significant additional effect compared with PA alone (Fig. 8F) . These data imply that the induction of macrophage autophagy may suppress IL-1β induction by PA without any modulation on NF-κB activation. Our results suggest that HIF-1α is involved in NF-κB activation, macrophage proinflammatory responses, and impairment of PA-induced autophagy.
Discussion
NASH pathogenesis is linked to hepatocyte steatosis and necroinflammation, and liver macrophages play an important role in both of these processes. (18) Previous studies demonstrated that steatosis is linked to metabolic signals such as FFAs that induce cellular stress responses in hepatocytes including HIF-1α and autophagy. (16, 31) However, the role of HIF-1α and autophagy in macrophages is not well understood, despite their crucial involvement in the disease progression of NASH. In this study, we found HIF-1α activation and decreased autophagic flux in liver macrophages in mice and circulating monocytes in humans with NASH. We show that HIF-1α expression in macrophages correlates with decreased autophagic flux and increased proinflammatory cytokine production, which contributes to NASH pathogenesis in the MCD diet-induced mouse model. Our mechanistic studies reveal that PA-induced HIF-1α expression is a potent mediator of autophagy impairment in macrophages in NASH. Finally, we discovered that PA-induced NF-κB activation is mediated by HIF-1α but not by autophagic flux impairment.
We previously reported that HIF-1α is a key regulator of cellular responses to hypoxia during alcohol-induced steatosis. (5) However, HIF-1α also responds to stimuli under normoxia, including thrombin, growth factors, LPS, insulin, and cytokines such as interleukins and TNF-α. (10, 11) Previous studies found that hepatocyte-specific HIF-1α contributes to lipid accumulation and liver injury in ALD and in a mouse model of NASH. (5) FIg. 7. HIF-1α is involved in impaired autophagy in palmitic acid-stimulated THP-1 macrophages. HIF-1α mRNA and protein levels were downregulated using HIF-1α siRNA (A) or overexpressed using the HIF-1α-bearing pcDNA3 expression vector (B) in THP-1 macrophages. HIF-1α mRNA levels were assessed by real-time quantitative PCR. Protein levels of HIF-1α, BNIP3, Beclin-1, and LC3-II were assessed at indicated time points by western blot after transfection, quantified using ImageJ analysis, and normalized to β-actin. HIF-1α siRNA (C) or overexpressed (D) THP-1 macrophages were cultivated in control medium or under PA stimulation with or without bafilomycin (100 nM) for the last 2 hours. LC3-II and p62 protein levels were measured by western blot, and the LC3-II ratio was calculated.
Here, we found increased HIF-1α expression in both total livers and isolated LMNCs from MCD diet-fed mice, suggesting that HIF-1α may play a role in liver inflammation as well as steatosis. We found increased HIF-1α levels in the F4/80 + macrophages from livers of MCD diet-fed mice compared with MCS controls. These observations prompted us to explore the mechanistic role of HIF-1α in macrophages.
Recent studies investigated the interaction between HIF-1α and autophagy in various diseases. (25, 28, 29) Autophagy is a highly conserved cellular response that mediates degradation and recycling of damaged proteins and cellular organelles. Autophagy may also play a role in obese mice with hepatic steatosis. Studies show that activation of autophagy protects hepatocytes in liver steatosis both in vivo and in vitro. (31, 35) Loss of autophagy in macrophages correlates with macrophage M1 polarization. (22, 27) However, how macrophage autophagy is regulated in NASH and its correlation with pathogenesis is not fully understood.
In our study, the increase of HIF-1α in macrophages in NASH was followed by upregulation of its target gene, BNIP3. BNIP3 is a member of the BH3-only subfamily of Bcl-2 family proteins that antagonizes the activity of the pro-survival proteins, Bcl-2 and Bcl-XL. BNIP3 increases under stressors such as hypoxia through HIF-1-dependent or -independent mechanisms. (26) Recent studies have shown that BNIP3 can compete with Beclin-1 for binding to Bcl-2, and when Beclin-1 is not bound to Bcl-2, it induces autophagy. (26) Beclin-1, a central regulator of autophagy, regulates the lipid kinase Vps-34 protein and promotes the formation of Beclin-1-Vps34-Vps15 core complexes in the initial stages of autophagosome formation. (36) Recently, Song and colleagues found that under chronic hypoxia and/or high-glucose conditions, impaired autophagy drives Neuro-2a cell damage. (37) We show that increased BNIP3 was accompanied by the upregulation of Beclin-1 and increased LC3-II, an established marker of autophagosome formation. (27) Notably, LC3-II accumulation may indicate induction of autophagosome formation or inhibition of autophagosome degradation, also known as autophagic flux. Using bafilomycin, an inhibitor of late-stage autophagy, (32) we verified that the PA-induced LC3-II accumulation results from decreased autophagic flux rather than activation of autophagosome formation. This finding is consistent with another report demonstrating that high-fat diet (HFD) and PA impair autophagic flux through lysosomal dysfunction in hepatocytes. (38) We previously reported that autophagic flux is inhibited in NASH macrophages, by analyzing the level of p62/SQSTM1, a selective substrate of autophagy. (27) Our results demonstrate an increase in mouse hepatic macrophages after PA treatment in vitro and ex vivo. However, p62 levels were not modulated in human peripheral blood monocytes of patients with NASH, probably due to phenotypic differences observed in this cell, such as the increase in nonclassical phenotypes that have been related with NAFLD progression. (39, 40) Interpreting changes in p62 levels is complex because changes can be cell type-and context-specific. Increased p62 levels may result from transcriptional upregulation observed under certain conditions or indicate the possible inhibition of autophagosome degradation. (27) Furthermore, we found that LPS altered the mRNA levels of key genes in autophagy, such as p62 and HIF-1α, suggesting that the effect on autophagic flux is not unique to PA. These data are consistent with a study by Baker et al. that showed LPS blocks lysosome fusion with endosomes or autophagosomes in macrophages, suggesting a possible inhibition of autophagic flux. (41) In whole liver tissue, increased HIF-1α and decreased autophagic flux mediate NASH pathogenesis. (16, 31) In addition, an increase of liver macrophage infiltrate, and its importance for NASH progression, has been reported. (18) Here, we used THP-1 macrophages in which HIF-1α was silenced or overexpressed prior to PA treatment and a mouse model in which HIF-1α was stabilized in macrophages to show that HIF-1α in macrophages regulates NASH pathogenesis by decreasing autophagic flux.
Macrophages have a pivotal role in inflammatory responses in NASH. Our results show that PA treatment resulted in NF-κB activation and increased production of proinflammatory cytokines in macrophages and that HIF-1α mediates PA-induced NF-κB activation. Lin et al. reported that autophagy alleviates steatosis and injury in the HFD-induced nonalcoholic fatty liver condition in mice, (42) and others showed that macrophage autophagy protects against liver diseases. (43, 44) Our results suggest that impaired autophagy mediated by HIF-1α causes inflammation during NASH. Recent studies have investigated the mutual regulation of autophagy and NF-κB, which is FIg. 8. HIF-1α inhibits palmitic acid-induced NF-κB activation. (A) NF-κB DNA-binding activity was measured after PA stimulation at indicated time points using electrophoretic mobility-shift assay. TNF-α, IL-1β, and IL-6 levels in the supernatants of THP-1 cells upon PA treatment were measured using an enzyme-linked immunosorbent assay (ELISA). (B) P-p65 levels in THP-1 macrophages treated with HIF-1α siRNA were measured by western blot and quantified using ImageJ analysis. (C) Cells were pretreated for 30 minutes with an autophagy inducer, rapamycin (Rap; 100 nM) or inhibitor, 3-methyladenine (3-MA; 5 mM) prior to 6-hour PA stimulation. Protein levels of P-p65 and P65 were measured by western blot and quantified using ImageJ analysis. (D) Cells were transfected using control or ATG5 siRNA, and P-p65 levels were measured by western blot and quantified using ImageJ analysis. (E) Cells were cultivated in control medium or under PA stimulation for 6 hours with or without bafilomycin (Baf; 100 nM; added at 0 hour or for the last 2 hours for 6-and 12-hour incubations), and P-p65 levels were measured by western blot. (F) TNF-α, IL-1β, and IL-6 levels in the supernatants were measured by ELISA. Representative blots and ELISAs are shown from at least three independent experiments *P < 0.05. Abbreviations: Cont., control; P-p65, phosphorylated p65. a central regulator of proinflammatory cytokines in NASH. Autophagy can degrade nuclear shuttle protein-interacting kinase and IκB kinase and thus prevent NF-κB activation when the chaperone HSP90 is inhibited. (45) In addition, autophagy is required for the activation of NF-κB. (46) In our study, inducing autophagy with rapamycin did not modulate NF-κB activation. Rapamycin decreased PA-induced IL-1β but not TNFα and IL-6 production, suggesting a role for autophagy in inflammasome activation. This finding agrees with reports that activation of autophagy targets ubiquitinated inflammasomes for destruction, limiting IL-1β production (47) ; knocking down Atg16L1, an autophagy component, in macrophages enhances LPS-induced IL-1β (48) ; and that macrophage autophagy downregulates IL-1β, limiting acute toxic liver injury. (44) Besides suppressing autophagy, 3-MA also increased NF-κB activation with PA stimulation. Upon silencing ATG5, an early-stage autophagy inducer, we observed a different effect from 3-MA. This effect could be related to the dual effect of 3-MA in modulating autophagy via Inhibition Class I and III phosphoinositide 3-kinase. (49) Inhibiting late stages of autophagy with bafilomycin was unable to modulate basal and PA-induced NF-κB activation. These results suggest that macrophage autophagy does not modulate PA-induced NF-κB activation but interferes with IL-1β production probably through targeting inflammasomes.
Our study demonstrates a role for macrophage-specific HIF-1α in a mouse model of NASH. Although MCD diet-fed mice developed lipid accumulation, hepatic inflammation, and fibrosis, they did not exhibit weight gain or insulin resistance, as was observed in human patients with NASH, indicating a limitation of the human relevance of our study. However, we found increased HIF-1α expression both in human blood monocytes from patients with NASH and in the livers and LMNCs from HF-HC-HS diet-fed mice that may imply that the effects observed following increased HIF-1α expression could also be present in a human-like model.
In conclusion, our findings summarized in Supporting Fig. S4 indicate that in NASH, the activation of HIF-1α in macrophages by PA has a central role in disease progression. HIF-1 α activation in macrophages decreases autophagic flux and increases IL-1β production. HIF-1α also activates NF-κB, which is important for MCP-1 expression. Both IL-1β and MCP-1 induce liver steatosis and inflammation. (6, 50) Our work points to a central role of macrophage-specific HIF-1α in MCD diet-induced NASH. Given the prevailing presence of inflammation in advanced NASH, future work should evaluate whether macrophage-specific targeting of HIF-1α activation has potential therapeutic applications.
